Abstract-A multiband Fractal Koch dipole textile antenna is proposed for wearable applications. The antenna is designed to operate at 0.9 GHz, 2.45 GHz and 5.8 GHz. Denim materials as the substrate are selected aiming to obtain robustness, flexibility and a lightweight textile antenna. The antenna model is designed, simulated, optimized and analyzed using Microwave Studio CST software. Two types of multiband antenna prototypes are fabricated and evaluated with different conducting elements (Shield It fabric and copper foil tape). Antenna performance is observed in terms of return loss, bandwidth, radiation pattern and realized gain. Three different comprehensive analyses are taken into consideration: measurement antenna with different bending sizes, on-body measurement and under wet conditions. The antenna performances are evaluated based on resonant frequency (f o ) and bandwidth (BW). The antennas performance with bending on the human body (arm & forearm) is compared and investigated. A suitable placement on the body has been discovered between the chest and backside. The antennas have also been tested under wet conditions to ensure a stable characteristic under the influence of water.
INTRODUCTION
The advancement of wearable computer system technology has been rapidly growing to enhance the quality and efficiency of life by providing a light-weight and flexible mobile system. Usability, functionality, durability, safety and comfort have become important elements of a wearable system [1] . The system known as "intelligent clothing with sensing, displaying, transmission of information and communication" has been developed in health monitoring activity in the medical sector, surveillance in military units and disease prevention and citizen medicine in =healthcare sector. In medical applications, biomedical smart clothing with multiple sensors have been introduced, such as VTAMN (France) which has been integrated with a breathrate, temperature and fall/shock biosensor with GSM/GPRS module into the clothes.
WEALTHY (Europe) clothes have also been developed to monitor patient activity, to ensure safety and provide reassurance. Life Shirt (USA), a washable smart textile which includes EEG, ECG and blood pressure sensors, is built for cough and respiration monitoring. For military applications, a fibre-optic sensor has been integrated into soldier uniform to detect various hazards such as chemical, biological and thermal ones [2] .
In wearable communication systems, the Bluetooth range from 2.4 to 2.48 GHz is widely used for short range data transfer, remote patient monitoring and position tracking in indoor environments. Other short range communications used in wearable applications are Zigbee/IEEE892.15.4 (0.915 and 2.45 GHz) and WIFI (2.4 and 5.8 GHz) [3] . Antenna as a transmitter and receiver is required for the wearable system. In addition, flexible, light-weight, comfortable and robustness are suitable characteristics in designing wearable antenna [4] . Therefore, textile antenna is a strong candidate for wearable applications. The textile antenna features allow for antenna integration with the garment without disrupting the user. Recently, researchers have focused on various designs and materials for wearable textile antenna. For example, washable Ultra-Wide Band (UWB) fully textile antenna with flannel fabric using embroidered technique has been introduced [5] . Denim fabric is also one of the best option materials for designing UWB circular patch antenna [6] . On the other hand, a 5.8 GHz hyper LAN patch full-textile antennas with different radiator shapes using polyester clothing have been implemented for body-wearable applications [7] . A dual-band PIFA antenna (2.45 and 5.8 GHz) using felt substrates was investigated in terms of efficiency, bandwidth and resonant frequency for on-body measurement [8] . A reconfigurable antenna with U-slot patch utilising fabric substrate was introduced for wrist-wearable applications [9] . Also, flexible UHF RFID printed antennas using paper substrate have been developed for "Green Electronics" [10] .
Electromagnetic properties, permittivity, ε r and loss tangent (tan δ) are the main considerations for determining the substrate. The substrate, which is the crucial part of an antenna, should be formed by material which produces high efficiency and wide bandwidth. Moreover, low permittivity and thickness could reduce surface wave losses and also improve the impedance bandwidth. Various textile materials, such as flannel, felt, denim polyester and cotton, have been used as substrate. The fabric materials have low relative permittivity, ε r between 1.05 and 1.9, while the loss tangent of fabric antenna, tan δ, ranges from 0.0001 to 0.025. Fabric permittivity depends on the frequency, moisture content, properties of the fabric structure and packing density in the fabric material [11] . Nevertheless, high conductivity, flexible structure and homogenous sheet resistances are required as the conducting element for an antenna such as copper foil tape, Zelt fabric, Pure Copper Polyester Taffeta fabric and Shield It fabric.
Furthermore, the human body in close proximity, the bending effect and the wetness aspect of textile antenna are the main challenges in producing good performance antenna at all times. The antenna should be able to operate well although involving user movement, posture and position. From previous research, there are reports of return loss fluctuations, efficiency degradation, resonant frequency tuning and bandwidth reduction when the antenna is placed on the human body such as the chest, backside, arm and wrist. Hyper bending antenna drastically changes in physical structure causing changes in resonant frequency [12] . At the same time, reliable and washable antenna needs could be improved with wetness aspect condition. Theoretically, wet antenna is capable to disrupt the actual performance of the antenna due to the high dielectric constant of water. However, low moisture regains of material is able to minimize the effect under wet conditions [13] .
The design of a multiband fractal Koch dipole antenna using denim materials which resonates at 0.915, 2.45 and 5.8 GHz is described in [14] . Printed dipole antennas are recommended in this work, since the structure is simple with small volume, light weight and low cost. A standard dipole antenna will produce an omnidirectional pattern with linear polarization [15] [16] [17] . Omnidirectional patterns are suitable for mobile devices, base stations and smart clothing which require communicating with other mobile radio with uniform coverage for indoor environments. In order to reduce antenna size, fractal Koch geometry technique is implemented [18] . For example, log periodic Koch fractal antenna is able to reduce size up to 7% for first iteration and up to 26% for series iteration [19] . Koch fractal-slotted rectangular patch could increase the electrical length of the antenna without increasing the antenna overall size [20] . In this paper, a comprehensive analysis of multiband antenna performance with different bendings, on body measurements and under wet conditions, is investigated and presented.
DESIGN CONSIDERATIONS

Fabric Characterization
Many techniques are available to determine the characteristics of permittivity and loss tangent for semi-solid material such as the Cavity Perturbation method, Mom-segment method, Resonance method, Transmission line and Open Ended Coaxial Probe method. In this paper, the open ended coaxial probe method is chosen to determine the permittivity denim sample with good accuracy and fast measurement. The calibration set-up at the tip probe is conducted by measuring the permittivity of the standard material (air and de-ionized water as a reference liquid). Then, the tip of the probe is pressed on the denim sample with a thickness of 0.8 mm while the S 11 parameter is measured using a network analyzer. The frequency range is between 300 kHz and 6 GHz. Agilent software is connected with the network analyzer which provides the real part, ε r , and imaginary part, ε r , of relative permittivity of material. The relative permittivity of the denim jeans is 1.7 and loss tangent 0.085, respectively. Fig. 1 shows the coaxial probe, permittivity and loss tangent results of the denim textile material. Effective permittivity is required to determine the actual dipole length of the antenna. Calculation of effective permittivity using a close-form method, which depends on the gap between dipole and thickness of substrate, could be more accurate than conventional methods [21] . The formulae for these methods are as follows;
ε r : relative permittivity of substrate. When l ed > h and l ed s, the values of k 1 and k 2 can be approximated by
l ed : the dipole length estimation, s: the gap between dipole arm, h: the thickness of substrate.
Antenna Design Consideration
Initial design of the straight multiband dipole antenna is shown in Fig. 2 . Two quarter wavelength elements are placed back to back with a total length of λ/2 to form a dipole antenna on the substrate. Koch fractals for the 1st iteration are implemented into the design to reduce the size of antenna without performance degradation. The size is reduced using fractal Koch technique as shown in Fig. 3 . The feed is located at the edge of the antenna by using micro strip line feeding technique. From the dipole antenna with Fractal Koch formula, the total length is determined by;
where l o is the length of conventional dipole antenna, ε eff the effective dielectric constant, and φ the degree of flare angle. The optimization of the dimensions is done using CST Microwave software. The miniaturized first arm length, l 1 , of 54.9 mm resonates at 0.915 GHz. The miniaturized second arm length, l 2 , of 23.7 mm and the miniaturized third arm length, l 3 , of 7.05 mm resonate at 2.45 GHz and 5.8 GHz, respectively. The gap between dipole arms, g a , of 5 mm will minimize the coupling effect between the dipole arms. The height of feed line, h, is 26 mm, the width of feed line, w f eed , 3 mm, the width of the first dipole arm, w 1 , 3 mm, the width of the second dipole arm, w 2 , 2.5 mm, and the width of the third dipole arm, w 3 , 2 mm. The total dimension of Fractal Koch textile antenna is 31.1 mm × 131.2 mm with 60 • flare angle. 50 ohm impedance matching of the antenna is obtained by tuning the gap between dipole sides, g side to 0.05 mm, as well as the width of the feed line. In this work, the balun is not considered because the inner conductor of the coaxial with certain length will act as the third arm of the radiator. The balun is needed to prevent radiation from the third arm. But in this case, the feed is matched, and the inner conductor of the coaxial that fed the dipole arm is short enough, so balun is not required. Fig. 3 shows the design layout of Fractal Koch multiband textile antenna. Table 1 shows the optimized value result for the total length of straight dipole and fractal dipole arm. On the other hand, the conformable copper foil with conducting adhesive thickness of 0.11 mm and conductivity of 5.88 × 10 7 S/m have been used. Low resistivity, inversely proportional to high conductivity, will minimize the electrical losses and thus increase antenna efficiency. In terms of conductivity, copper foil is highly recommended but has a lack of durability and elasticity of material compared with the conducting fabric. Another issue is that the manual fabrication technique using hand works is not recommended because this will generate large errors from the desired dimension. Therefore, cutting machines are introduced to ensure the accuracies of the dimension of the antenna structure. Both conducting textiles, Shield It fabric and copper foil tape, are cut using the machines. Then, the conducting textile is placed on a denim material using a press steamer to ensure strong attachment with the substrate material and minimize the air gap between the substrate and the conductive textile. Lastly, the textile antenna is connected with SMA port by soldering technique. Fig. 4 shows the prototypes of fabricated textile antennas with copper tape and Shield it fabric.
RESULTS AND DISCUSSION
Measurement Results
In this investigation, multiband designs with different conducting materials are presented. The first prototype is designed with copper foil tape (CT antenna), while the second prototype is designed with Shield It fabric (SI antenna). Two prototypes of antennas are tested to evaluate the antenna performance, prior to further investigations. From Fig. 6 shows the current distribution of the antenna. The strong current distribution occurs at the longest arm of the dipole antenna which is resonated at 0.915 GHz. The same phenomena occur for high frequency which is at the shortest arm of the antenna at frequency 5.8 GHz. Simulated and measured radiation patterns of textile antenna using copper tape and Shield It fabric at H-plane and E-plane are presented.
Three different samples of radiation pattern at 0.915 GHz, 2.45 GHz and 5.8 GHz for both antennas are achieved. Good agreements between simulated and measured radiation patterns have been shown in Fig. 7 . Omni-radiation pattern is produced at the 1st and 2nd bands, while the near omnidirectional pattern is produced for the 3rd band. The gain of the textile antenna at 0.915 GHz, 2.45 GHz and 5.8 is demonstrated in Table 2 . From Table 2 , CT antenna has better gain than SI antenna at all frequency bands due to its conductivity and the structure of conductive material.
Bending Experiment
Antenna performance in terms of f o and BW are investigated under different bending conditions, as shown in Fig. 8 .
Firstly, CT and SI antennas are bent with horizontal position using cylindrical polystyrenes (ε r ∼ = 1) with different circumferences, c, 24 cm and 32 cm. Secondly, both antennas are bent at two curved parts of the body, arm position (c = 23.5 cm) and forearm (c = 28 cm). Figs. 9 and 10 show the S 11 measurement result for bending conditions of two different types of conductive antenna. The measured f o and BW of the bent antenna, with and without the body, are compared to the planar antenna and shown in Table 3 . From Table 3 , the reflection coefficient of SI antenna exhibits average of f o at 0.86 GHz for the 1st band, 2.25 GHz for the 2nd band and 4.89 GHz for the 3rd band, respectively, while CT antenna resonates at 0.91 GHz, 2.46 GHz and 5.2 GHz, when the antenna is bent without the human body. It is observed that the placement of bent antenna without human body has minor effect on f o and BW. However, f o has been shifted drastically to lower frequency, which averages f o = 0.56 GHz, 1.14 GHz and 3.14 GHz for SI antenna and averages f o = 0.51 GHz, 1.24 GHz and 3.27 GHz for CT antenna, when the antennas are bent on the human body. Initially, the bent antenna with small circumference will shift down f o due to increment of the antenna resonant length. f o at high frequency gives significant impact compared to the low frequency under bent condition on human body.
On-body Measurement
When the antennae are placed on the human body, the performance is strongly influenced due to the electromagnetic coupling of and specific absorption by the body [22] . High permittivity and conductivity of human tissue body will affect the performance and propagation loss of antenna [23] . Therefore, suitable placement of antenna is investigated to find the location with minimum degradation in terms of bandwidth and return loss. Flat and wide body placement is suggested to avoid bending effect, as described in the previous section. Therefore, two placements of antenna, at chest (C) and backside (B), are tested. At the first location, the antennas are placed at the upper backside, which is 18 cm from the neck. At the second location, the antennas are located on the centre of chest which is 15 cm from the neck. A male model worn a cotton shirt with a weight of 67 kg and height of 163 cm is used in the measurement. Both antennas are attached on the shirt (against the human body) in the horizontal orientation. Due to the coupling body effect, resonance frequency, f o , of the antenna on the chest body has shifted between −0.06 and 0.10 GHz at the 1st band, +0.03 and +0.13 GHz at the 2nd band and −0.06 and Table 4 . Therefore, the backside body is suitable for the best antenna placement on human body.
Wet Condition Experiment
Antenna performance under wet conditions has to be taken into consideration for designing textile antenna. It is well known that the presence of water with high dielectric constant strongly influences the relative permittivity of substrate. From the previous research, the textile antenna does not work when placed in the water [24, 25] . Therefore, it is important to choose a suitable substrate with low absorption to ensure that the antenna can perform well under wet conditions. Resonant frequency f o is determined, since it is related to relative permittivity ε r of the substrate. Fig. 13 shows the snapshot of wetness testing on the textile antenna under room temperature. In this analysis, denim material is selected as the substrate of antenna. First of all, the antenna is left immersed in the water until saturation is achieved. The actual mass of the antenna (not including SMA port) is 3.87 g, as recorded by using digital scales before it is immersed into water. After the immersion, the mass of antenna increases to 5.81 g (50% from actual mass). The textile antenna is left to dry while the readings are recorded for 100, 75, 50, 25 and 0% of water absorption based on the current mass. Fig. 14 shows the measurement result of return loss (S 11 ) when the antenna is dried and in wet condition. The water absorption formula is described below:
Water Absorption, WA (%), = Current mass−Dry mass Saturated mass−Dry mass ×100% (8)
From Table 5 , f o of wet antenna are dropped by 26% at the 1st band, 39% at the 2nd band and 43% at the 3rd band, when the textile antenna is 100% fully wet. Definitely, wet textile antenna enables Figure 15 , the antennas require less than 10% of WA at the 1st and 3rd bands in order to maintain good performances of the antenna. However, the antenna requires less than 2% of WA at the 2nd band. From 0 to 10% of WA, the BW is not changed much in the range of 0.086 to 0.09 GHz at the 1st band, 0.208 to 0.253 GHz at the 2nd band and 1.04 to 1.15 GHz at the 3rd band, as shown in Table 6 .
CONCLUSIONS
In this work, a novel, miniaturized, triple-band first iteration fractal Koch textile dipole antenna, using denim material for wearable applications, has been thoroughly evaluated. It has been shown that the degradation of antenna performances, due to bending conditions on body measurement and wetness aspects, is caused by the shifting of the resonant frequency and bandwidth fluctuations. The suitable placement for the designed antenna is discovered at the backside area of the human body. Good performance is observed when the textile antennas is less than 2% of water absorption. Lastly, the performance of copper tape (CT) antenna is shown to be more profound than Shield It (SI) antenna in terms of return loss, radiation pattern and gain due to the conductivity of the material.
